Abstract-Stimulated
Raman seattering of Q-switched and modelocked Nd:YAG laser pulses at 1.06 /lm in a 120-m-long single-mode fiber has been investigated experimentall). A Photochron HA S)nchroscan streak camera with picosecond resolution was used to give time resolved detection of the first four order Stokes-Raman pulses at 1.12, 1.18, 1.24, and 1.31 /lm. It has been shown that in traversing the fiber the fundamental and the first two order Stokes were suhstantially shortened and that the Stokes pulses were asymmetrical with sharper leading edges.
STIMULATED Raman scattering (SRS) in optical fibers has been the subject of extensive theoretical and experimental investigation (see [ I] and 11. refs.] ). Earl ier studies have shown the advantages of Raman generation in fibers for producing radiation at 1.3 jlm [2] . where optical fi bers possess low loss and low material dispersion. Raman scattering, however, has also been shown to be disadvantageous since it increases cross-talk in multiplexed fiber systems 131. In addition, it is a competitive process to self-phase modulation and as a consequence it decreases the possible compression factor in an optical tiber-grating pair compression system [4] . To understand these processes a time-domain study of the Raman generation in an optical fi ber has been carried out and in this letter we describe measurements of SRS in a single-mode fiber taken with a Synchroscan streak camera [51. Our, results show that on propagation through the fiber the fundamental pulses as well as the first and second order Stokes components were substantially shortened. It was also observed that the profiles exhibited a distinct asymmetrical shape with sharper leading edges.
A schematic of the experimental arrangement is shown in Fig. I . The laser was a modified commercial Q-switched and mode-locked Nd:YAG system (Quantronix model 116 with model 35] Q-switch unit) which typically produces Q-switched pulse envelopcs of 300 ns with peak powers of I MW containing discrete mode-locked pulses with durations of 100 ps within this envelope [6] . For the work reported here, the laser gain was operated such that much longer Q-switched envelopes were obtained (typically 800 ns) and the individual 11}0de-Iocked pulse durations were 130 ps. A Photochron HA streak camera with an S-20 photocathode was used to monitor the output pulses from the laser by taking part of the laser output from BSt. Since the streak camera photocathode was insensitive to the 1.06-jlm radiation, the optical second harmonic was generated in a 5-mm crystal of KDP (Xall)' A Michelson delay line (M.j/M5), through which the pulses were directed, provided calibration and a linearity check for the streak camera. The main part of the laser output was directed via mirror M1 and focused into the fi ber using a 20 x uncoated microscope objective (MOt). We used a 120-m length of single-mode fi ber having a core diameter of 7 jlm, a cut-otf wavelength of I jlm, and a zero dispersion at 1.29 jlm. An overall coupling efficiency of 50 percent was achieved. Light emerging from the fi ber was collimated by a 20 x microscope objective, and the laser fundamental and SRS radiation were converted into their second harmonic frequencies in a crystal of KD P (Xall)' It was possible to select each spectral component using a ]-m 1800 1/mm grating monochromator.
The selected pulses were then directed collinearly with the output pulses from the laser into the streak camera using BS3. In all the work reported here the peak powers in the fiber were in the 100-200 kW range (i.e., typical average power 860 mW). Recorded streak camera traces of the fundamental and SRS radiation are shown in Fig. 2 (time increasing to the left). The pulses on the right-hand side (rhs) of Fig. 2(b) -(f) correspond to the input pulse of the fi ber while the pulse on the left-hand side (Ifs) is the selected wavelength component at the output of the fi ber. Fig. 2(a) bration purposes and shows the second harmonic of the input pulses (tSHG = 89 ps) separated by a 300-ps calibration, from which an input fundamental duration of 126 ps can be deduced (Gaussian shape assumed). For all other durations the second harmonic component will be quoted. The effect of group velocity dispersion can be seen clearly on the arrival time of each Raman component at the fiber output relative to the fundamental pump radiation. Taking the output fundamental pulse as defining time zero (see Ihs of Fig. 2(b) ), the first Stokes component (Ll2 p.m) arrived lIS ps, second Stokes (Ll8 p.m) 192 ps, and the third Stokes (1.24 p.m) 230 ps in advance. The wavelength of the fourth Stokes component is 1.31 p.m so that it experiences negative group velocity dispersion and consequently arrives later than the third Stokes component but 130 ps in advance. of the fundamental. (Any small temporal dispersion in the I-m grating monochromator was neglected.) In addition the durations of 69, 54, and 56 ps for the fundamental, first, and second Stokes pulses, respectively, were noticeably shorter than the input pulse duration of 89 ps. Shortening of the Raman pulses can be understood in terms of the nonlinearity of the generating process in that the energy in the wings of the fundamental pulses is below the threshold for efficient SRS. It should also be noted that since we monitored the frequency doubled pulses the wings of the Raman signals would be further suppressed. The fundamental pulse was shortened since it is severely depleted by the Raman process particularly in its leading edge and this pulsewidth reduction is in agreement with previous measurements in gases and liquids and [7, refs.] . Earlier experimental results by Stoltz and Osterberg [8] , have shown, using autocorrelation pulsewidth measurement techniques on single modelocked pulses selected from the Q-switched train that the first and second Stokes pulses as short as 30 ps can be generated from lOO-ps pump pulses. It can also be seen that there was an asymmetry in the intensity profiles of the Raman pulses. The first and second Stokes pulses had a long trailing edge whereas the fourth Stokes pulse had a long leading edge. This asymmetry can be related to the group velocity dispersion in the fiber such that the generated Raman pulse moves through its driving pulse and as it propagates through the envelope of the driver pulse the Raman generation continues as indicated. It can be -seen from Fig. 2 that the tail of the Raman signal overlaps the driving pulse with the degree of overlap related to the difference in pulse velocity through the fiber. For the third Stokes signal where dispersion is lowest, the Raman pulse was in fact significantly broader although it should be noted that some contribution due to nonlinear mixing frequencies generated in the fiber may be present in the detected signal. We have observed many spectral lines in addition to the Raman radiation at the fiber output. In order to fully understand the dynamics of the processes affecting the temporal behavior of the generated signals, it will be necessary to carry out an accurate determination of the phonon lifetime and the other nonlinear processes such as frequency mixing occurring in the fiber.
In conclusion, we have shown that in a 120-m singlemode fiber, the fundamental, first, and second Stokes pulses are substantially shortened during propagation and a clear asymmetry in their pulse profiles has also been observed. Pernambuco, Brazil, in 1978 . Subsequently, he worked towards the M.Sc. degree in physics. which was received in 1982, working on laser induced energy transfer in solids and gases using N, and Nd:YAG pumped dye lasers.
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